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plans  to  resolve  remaining  problem  areas.  No  attempt  is  made  to  select  the  best 
laser  source,  but  several  effects  are  discussed  which  may  have  direct  bearing  on 
such  a choice. 
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INTRODUCTION 


As  design  advances  in  HEL  systems  continue,  the  interest  by  the  Army, 

Navy,  and  Air  Force  in  the  HEL  as  a tactical  air  defense  weapon  is 
steadily  increasing.  The  basic  problem  in  fielding  an  HEL  system  is 
how  to  build  a device  which  can  transmit  enough  of  the  power  from  an 
HEL  source  through  the  atmosphere  to  destroy  or  disable  an  enemy  target. 
Accurately  predicting  atmospheric  transmission  under  a variety  of  condi- 
tions is  of  paramount  importance  to  the  design,  testing,  and  eventual 
use  of  an  HEL  weapon  system. 

An  HEL  weapon  and  its  enemy  target  may  be  located  at  any  elevation  in 
the  earth's  atmosphere.  As  a result,  the  optical  paths  of  interest  are 
quite  varied  as  are  the  parameters  which  describe  them.  Among  the  ele- 
ments used  to  describe  a normal  atmospheric  path  are  meteorology  (turbu- 
lence, crosswind,  temperature,  and  pressure),  aerosols  (size  distribu- 
tions, number  density,  chemical  composition,  scattering  coefficients, 
and  absorption  coefficients),  and  gases  (molecular  species,  concentra- 
tions, and  absorption  coefficients).  Hence,  modeling  predictions  for 
transmission  of  HEL  systems  under  just  normal  atmospheric  conditions  are 
quite  complex.  Add  to  the  above  a battlefield  environment  with  its  exotic 
mixture  of  exhausts  and  particulate  matter  perhaps  even  a countermeasure 
smoke;  plus  naturally  occurring  low  visibility  conditions  from  rain,  snow, 
fog,  clouds,  or  dust  storms;  and  a few  nonlinear  propagation  effects  such 
as  thermal  blooming,  kinetic  cooling,  wet  aerosol  absorption,  and  air 
breakdown.  The  result  is  that  present  transmission  models  cannot  be  used 
to  accurately  predict  transmission  under  many  atmospheric  conditions. 

There  are  too  many  essential  pieces  of  data  missing  from  present  models 
to  use  them  for  laser  source  selection,  not  to  mention  design  changes  such 
as  wavelength  selection  and  maximum  usable  total  power.  Though  the  pre- 
sent picture  is  not  rosy,  obtaining  meaningful  predictive  models  is  not 
an  impossible  task.  Recent  research  advances  have  resulted  in  measure- 
ments of  vital  new  data  which  have  improved  transmission  model  predictive 
capabilities  and  furnished  the  equipment  capabilities  to  perform  several 
more  needed  experiments.  Because  of  the  many  problems  involved,  the  timely 
fielding  of  an  HEL  weapon  system  will  require  a realistic  and  well  coordi- 
nated development  program  with  continual  input  from  both  user  and  re- 
searcher. 

Presented  in  this  report  are  several  recent  transmission  measurements/ 
measurement  capabilities  which  have  been  pert'ormed/developed  by  the 
Atmospheric  Sciences  Laboratory  (ASL)  at  White  Sands  Missile  Range  (WSMR), 
NM,  and  have  direct  imnact  on  HEL  weapon  system  development  and  testing. 

The  general  approach  will  be  to  give  linear  effects  such  as  absorption 
and  scattering  measurements  since  nonlinear  effects  such  as  thermal  bloom- 
ing are  expressed  in  terms  of  them. 
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LASERS  AND  PROBLEM  AREAS 


There  are  four  serious  contenders  for  potential  HEL  sources.  These  lasers 
radiate  in  or  near  the  3-5  and  0-12uni  atmospheric  transmission  window 
regions  where  the  molecular  absorption  is  low  and  aerosol  extinction  is 
much  less  than  at  visible  wavelengths.  The  lasers  are  hydrogen  fluoride 
(HF,  2.6-3. lum),  deuterium  fluoride  (DF,  3.5-4.1um),  carbon  monoxide  (CO, 
^.7-5. 2pm),  and  carbon  dioxide  (CO2,  9. 2-9. 8 and  10. 1-11. 0pm).  At  pre- 
sent, the  CO2  laser  is  the  most  advanced  designwise,  the  HF  is  the  most 
efficient  yet  has  the  poorest  transmission  due  to  large  water  vapor  ab- 
sorption, the  DF  appears  to  have  the  best  overall  transmission  character- 
istics, and  the  CO  has  only  a few  emission  lines  with  relatively  high 
transmission.  A complicating  factor  for  modeling  predictions  of  the  trans- 
mission 0^  these  lasers  ^or  the  chemical  laser  versions  is  that  they  have 
multiline  output  modes. 

The  continental  aerosol  model  [1]  and  molecular  absorption  line  parameter 
tabulation  [2]  are  useful  in  defining  some  neneral  transmission  problem 
areas.  No  attempt  will  be  made  here  to  duplicate  the  details  of  the  trans- 
mission problems  covered  in  an  excellent  review  article  by  Gebhardt  [3]. 
Some  of  the  areas  of  interest  discussed  are  noteworthy.  First,  degrada- 
tion due  to  atmospheric  turbulence  has  been  reduced  under  limited  range 
conditions  by  the  use  of  active  or  adaptive  optics  [4].  Measurements  of 
the  refractive  index  structure  constant  (C^p,  which  is  used  to  calculate 
beam  spread  due  to  turbulence,  are  very  important  for  field  testing  of  an 
HEL  system  [5].  Second,  the  crosswind  speed  and  slewing  rate  of  an  HEL 
are  important  in  determining  thermal  blooming  and  optimum  pulse  repetition 
rate  for  pulsed  sources  for  effects  like  the  creation  of  stagnation  zones. 
Crosswind  sensors  developed  for  the  ASL  have  application  in  the  use  of 
HEL  systems  [6].  Third,  the  effect  of  absorption  on  thermal  blooming  is 
usually  greater  for  gases  than  aerosols.  More  specifically  water  vapor 
absorption  with  its  so-called  continuum  absorption  is  present  throughout 
the  infrared,  carbon  dioxide  and  ozone  at  CO2  wavelengths  are  especially 
important  for  high  altitude  use  where  the  absorption  lines  narrow  with  re- 
duced pressure  broadening,  and  battlefield  related  absorption  is  not  even 
well-defined  at  this  time.  Last,  aerosol  extinction  (absorption  plus  scat- 
tering) can  become  the  dominant  factor  in  transmission  under  low  visibility 
conditions.  The  absorptive  properties  of  atmospheric  dust  vary  geographi- 
cally because  of  variations  in  composition.  Also  the  relative  effective- 
ness of  countermeasure  smokes  are  not  well  known. 


MEASUREMENT  CAPABILITIES 

To  adequately  address  field  testing  of  an  HEL  system,  a very  unique  facil- 
ity is  required.  Several  atmospheric  parameters  of  interest  have  never 
been  adequately  measured  and  require  state-of-the-art  advances  to  obtain 
model  predictions  accurate  enough  to  determine  how  well  an  HEL  system  per- 
forms and  what  can  be  done  to  improve  it.  The  ASL  has  made  great  strides 
toward  resolving  many  of  the  data  gaps  and  developing  the  measurement 
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capabilities  needed  to  support  meaningful  field  testing  of  an  HEL  system. 
Success  along  these  lines  has  been  made  possible  largely  by  a well -oriented 
and  timely  laboratory  measurement  and  development  program.  Table  1 sum- 
marizes the  measurement  devices  and  their  capabilities  which  will  be  dis- 
cussed in  this  paper. 

The  ASL  has  laboratory  facility  capabilities  for  both  gaseous  absorption 
and  aerosol  characterization.  Techniques  to  measure  the  absorption  coef- 
ficients (imaginary  refractive  indices)  of  particulate  matter  were  initiated 
by  using  spectrophotometers  in  the  visible  and  near  infrared  [7].  Mea- 
surement capabilities  have  been  extended  to  the  3-5  and  8-12um  regions 
using  pellet  spectrophones  [8],  Calibrations  of  aerosol  spectrometers 
such  as  the  Knollenberg  counter  for  particles  of  different  complex  re- 
fractive indices  have  been  performed  [9],  The  result  is  a more  reliable 
aerosol  size  distribution  and  number  density  measurement  capability.  In 
addition  uniquely  designed  resonant  differential  spectrophones  are  being 
readied  for  field  use  as  in  situ  measurement  devices  for  measurement  and 
separation  of  the  atmospheric  absorption  from  gases  and  aerosols  [10]. 
Measurements  of  gaseous  absorption,  including  the  important  water  vapor 
continuum  in  the  3-5pm  atmospheric  window,  have  been  made  possible  only 
through  experimental  breakthroughs  in  the  use  and  design  of  temperature 
controlled  spectrophone  and  longpath  absorption  cell  systems.  Resonant 
subchamber  as  well  as  pulsed  source  spectrophones  were  developed  at  the 
ASL  [11].  Also  a path  differencing  technique  was  initiated  for  use  with 
longpath  absorption  cells  to  greatly  reduce  long-term  system  drift  and 
decrease  data  acquisition  time  [12].  Finally,  diode  laser  capabilities 
have  been  added  which  can  be  used  to  support  the  development  of  a field 
Fourier  transform  transmissometer  into  a device  which  can  obtain  inte- 
grated path  profiles  of  the  species  and  concentrations  of  the  absorbers 
present. 

Field  instrumentation  for  HEL  testing  support  is  also  being  addressed. 

In  addition  to  the  in  situ  spectrophone  system,  calibrated  aerosol  spec- 
trometer, and  Fourier  transform  transmissometer  already  mentioned  above, 
other  equipment  and  supportive  data  bases  are  being  obtained.  Crosswind 
sensors  are  very  much  needed  for  HEL  field  testing  and  have  been  perfected 
at  the  ASL  [13].  A path  profiling  crosswind  system  was  developed  because 
of  the  special  importance  to  beam  quality  of  the  effects  of  the  atmosphere 
near  the  source  and  target.  Point  samplers  are  being  used  to  obtain  alti- 
tude and  time  dependence  of  a variety  of  atmospheric  parameters  which 
include  temperature,  pressure,  gaseous  species  and  concentrations,  aerosol 
size  distributions  and  absorption  and  scattering  coefficients,  crosswind 
speed,  and  atmospheric  turbulence  which  is  measured  with  high-speed  tem- 
perature probes  developed  by  ASL.*  The  ASL  is  also  contributing  to  the 
geographical  aerosol  data  base  through  measurement  of  the  vertical  pro- 
files of  aerosol  size  distributions  in  low  visibility  fog  and  haze  atmo- 
spheres [14]. 


*Refinement8  in  the  design  of  turbulence  sensors  [ff]  have  been  made  by 
D.  L.  Valters^  ASL^  WSME,  NM. 
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TABLE  1 

MEASUREMENT  CAPABILITIES 


Device 

Quantity 

Specific 

General 

absorption  (abs) 
Aerosol  (A)  composition  (com) 

Crosswind  (C)  extinction  (ext) 

Gases  (G)  size  distribution 

Meteorology  (H)  and  number 

Turbulence  (T)  density  (siz) 

Measurement 

Used  For 

Laboratory  (L)/ 
Field  (F) 
and 

Point  (P)/ 
Integrated 

Path  (I) 

Comments 

Point  Samplers 
(wide  variety) 

A(siz,  com),  C, 

G(com).  M.  T 

F,P 

General-purpose  devices  com- 
mercially available 

Turbulence 

Sensor 

T 

F,P 

High-speed  temperature  probe 
which  indirectly  measures 

‘'N 

Crosswind 

Sensor 

C 

F.P/  I 

Time  displays  can  be  pro- 
duced along  entire  path  of 
Interest 

Aerosol 

Spectrometer 

A(s1z) 

L/  F,  P 

Calibration  Is  being  per- 
formed for  aerosols  of  dif- 
ferent composition 

Fourier 

Transform 

Transmissometer 

A(com,  ext), 

G(com,  ext) 

L/F,  I 

High  resolution  devices  must 
be  used 

Path  Profiling 
System 

A(ext),  C,  G(ext) 

F,  P 

Nonintegrated  path  profiles 
obtained 

Spectropho- 

tometer 

A(abs) 

L/  F,  P 

Field  samples  are  analyzed 
in  the  laboratory  (visible 
and  infrared) 

Pellet 

Spectrophone 

A(abs) 

L/  F,  P 

Field  samples  are  analyzed 

In  the  laboratory  (3-5  and 

8-1 2um  windows) 

Resonant  Differ- 
ential and 

Pulsed  Source 
Spectrophones 

A(abs),  G(abs) 

L/  F,  P 

Relative  roeasuraments  made 

In  situ  with  CW  and  pulsed 
sources 

Longpath  Absorp- 
tion Cell 

G(abs,  ext) 

L,  I 

Absolute  extinction  and 
absorption  (gaseous  scatter- 
ing Insignificant  In  the 
infrared) 

Calibration  of  spectrophones 
and  Fourier  Transform 
Transmissometer 

Diode  Laser 

A{ext),  G(ext) 

L/  F,  P/  I 

Used  with  longpath  cells  or 

spectrophones  to  obtain  fre- 
quency dependence  of  extinc- 
tion 


TURBULENCE 


The  most  important  feature  of  atmospheric  turbulence  to  HEL  transmission 
is  the  beam  spreading  which  it  causes.  Typically  expressed  in  terms  of 
C^,  the  refractive  index  structure  constant,  atmospheric  turbulence  alters 

the  peak  irradiance  of  an  HEL  (i.e.,  how  tightly  the  HEL  beam  can  be  fo- 
cQsed  on  a target).  The  diffraction  limited  focusing  dependence,  which 
varies  as  the  inverse  square  of  the  wavelength  (A“^),  favors  the  use  of 
shorter  wavelengths.  Beam  spread  due  to  turbulence  alters  the  depen- 
dence of  the  peak  irradiance  and  becomes  the  dominant  factor  for  shorter 
wavelengths  as  increases.  For  this  case  the  peak  irradiance  wavelength 

dependence  becomes  x^^^  [3]. 

Measurements  of  atmospheric  turbulence  have  been  performed  at  WSMR  which 
shed  light  on  what  time  of  day  and  year  an  HEL  can  best  be  tested  [13]. 
Figure  1 shows  a daily  plot  of  turbulence  for  two  of  five  elevation  sen- 
sors - one  at  5 and  the  other  at  32  m above  the  ground.  Turbulence  tends 
to  increase  toward  midday  and  decrease  at  higher  elevations.  In  fact, 
during  the  summer  turbulence  becomes  a very  serious  problem  in  the  3-5ym 
window  as  will  be  discussed  in  a later  example. 


CROSSWIND 

The  transverse-to-the-beam  or  crosswind  has  a significant  effect  on  HEL 
beam  propagation.  When  a crosswind  is  present,  it  tends  to  remove  from 
the  HEL  path  the  heated  atmosphere  caused  by  absorbed  beam  energy  which 
otherwise  might  result  in  thermal  blooming  of  the  beam.  The  stronger 
the  crosswind  the  more  efficiently  the  heated  atmosphere  is  removed  from 
the  beam,  thermal  blooming  being  inversely  related  to  crosswind  speed. 
When  a moving  target  is  being  fired  at,  the  slewing  of  the  HEL  beam  con- 
tributes an  additional  component  of  crosswind  to  the  atmosphere  along  the 
HEL  beam  path  which  will  of  course  vary  with  slewing  rate  and  distance 
from  the  HEL  source.  The  significant  result  of  this  is  that  even  when 
there  is  a naturally  occurring  wind,  slewing  can  result  in  zones  along 
the  HEL  path  where  the  slewing  and  natural  crosswind  components  nearly 
cancel  (i.e.,  stagnation  zones  are  created)  and  greatly  increase  the 
effects  of  thermal  blooming.  Following  the  same  line  of  thought,  slew- 
ing can  be  used  quite  advantageously  to  reduce  thermal  blooming  when 
there  is  little  natural  crosswind.  What  is  important  is  that  cross- 
wind  data  is  being  amassed  for  HEL  support.  The  effect  of  these  results 
will  be  deferred  to  an  example  which  will  be  discussed  later. 
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GASEOUS  ABSORPTION 
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Gaseous  absorption  is  highly  frequency  dependent,  which  complicates  HEL 
source  transmission  predictions,  and  chemical  lasers  compound  this  problem 
by  their  multiline  outputs.  Gaseous  absorption  is  generally  characterized 
by  two  types  of  absorption  mechanisms  - line  and  continuum  absorption. 

The  expected  transmission  for  the  individual  laser  lines  for  the  four 
sources  discussed  here  are  given  in  a recent  review  article  by  Kelley  et 
al.  [16],  which  also  gives  details  about  the  individual  absorbers  such  as 
concentration  variability  and  effects  of  altitude.  Line  absorption  is  in 
general  more  sensitive  to  laser  frequency  and  pressure  broadening,  whereas 
the  water  vapor  continuum  absorption  is  quite  temperature  dependent. 

By  far  the  most  important  atmospheric  gaseous  absorber  is  water  vapor. 
Substantial  water  vapor  continuum  absorption  is  found  in  both  the  3-5  and 
8-12um  windows,  and  in  addition  there  is  strong  water  (H2O)  line  absorp- 
tion plus  singly  deuterated  water  (HDO)  line  absorption  at  DF  wavelengths. 

A recent  review  article  by  Roberts  et  al.  [17]  indicates  a very  strong 
temperature  dependence  of  the  water  vapor  continuum  in  the  8-1 Zym  region 
and  details  water  vapor  absorption  problem  areas  which  have  not  as  yet 
been  resolved  in  the  3-5  and  8-12um  regions. 

The  ASL  has  already  made  significant  contributions  to  answering  the  ques- 
tion of  the  magnitude  of  the  water  vapor  continuum  in  the  3-5um  window 
region  using  a DF  laser  source  [18].  Previously,  the  continuum  values 
for  modeling  purposes  were  extrapolations  of  the  Burch  data  taken  at  65®C 
and  higher  [19].  The  ASL  has  made  both  longpath  absorption  cell  and 
spectrophone  measurements  [25]  of  water  vapor  absorption  by  using  mid- 
latitude summer  model  conditions  (i.e.,  14.3  torr  of  water  vapor  buffered 
to  760  torr  total  pressure  at  23°C).  From  these  measurements  the  best 
values  of  H2O  line  (very  weak  at  DF  wavelengths)  and  HDO  line  contribu- 
tions are  subtracted  to  obtain  the  residual  so-called  continuum.  Both 
measurement  systems  yielded  a continuum  approximately  twice  that  of  the 
Burch  extrapolation  which  increases  the  thermal  blooming  by  about  30  per- 
cent. To  further  check  the  magnitude  of  the  continuum  results,  HDO  line 
measurements  were  performed  [20]  which  agree  well  with  the  most  recent 
line  parameter  compilation  predictions  of  the  Air  Force  Geophysics 
Laboratory  (AFGL),  and  an  HDO  depleted  water  sample*  with  one-fiftieth 
the  normal  concentration  of  HDO  was  used  [18].  It  should  be  pointed  out 
that  the  HDO  concentration  does  vary  geographically  [21].  The  HDO  depleted 
water  measurements  which  contain  no  line  absorption  and  agree  with  the 
continuum  derived  from  the  total  water  vapor  absorption  measurements  are 
compared  with  the  Burch  extrapolation  in  Figure  2.  Measurements  are  pres- 
ently under  way  to  obtain  temperature  and  pressure  dependencies  at  DF  and 
HF  (lJ5?ng  a line  laser),  and  at  CO  (using  a tunable  diode  laser)  frequen- 
cies. 

*The  HDO  depleted  water  sample  was  obtained  from  Saienoe  Applications, 

Inc.,  Ann  Arbor,  MI. 
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HDO  DEPLETED  WATER 
BURCH  PREDICTIONS 


Water  continuum.  Measurements  of  water  continuum  for  24  DF  laser  lines  in  the 
3.0-4.0um  spectral  region  using  an  HDO  depleted  water  sample. 


After  the  question  of  water  vapor  absorption  has  been  resolved,  battle- 
field related  gaseous  absorption  will  be  investigated.  Some  measurements 
have  already  been  made  on  DF  absorption  by  propane  and  butane  [22].  The 
Air  Force  Weapons  Laboratory  (AFWL)  has  been  developing  CO2  lasers  which 
radiate  between  9 and  lOpm.  For  high  altitude  operation  CO2  and  ozone 
(O3)  are  major  absorbers.  The  ASL  has  measured  the  scaling  parameters 
required  to  predict  high  altitude  (low  pressure  and  temperature)  O3  ab- 
sorption coefficients  [23]  and  assisted  in  CO2  kinetic  cooling  related 
-experiments  with  the  AFWL.*  Questions  of  this  nature  often  arise  and  are 
addressed  on  a priority  basis. 


AEROSOL  ABSORPTION  AND  SCAHERING 

In  gaseous  absorption  there  are  many  discontinuities  due  to  narrow  line 
absorptions,  whereas  in  the  case  of  aerosol  absorption  and  scattering  the 
frequency  dependence  is  a smoothly  varying  function;  yet,  the  total  aerosol 
extinction  can  vary  orders  of  magnitude  for  different  meteorological  con- 
ditions. Scattering  for  the  most  part  causes  minimal  problems  except  under 
very  low  visibility  conditions  such  as  dust  storms,  fog,  rain,  or  snow. 

Even  in  this  case,  the  scattering  effect  is  not  as  severe  as  aerosol  ab- 
sorption since  it  is  the  absorption  of  energy  which  heats  the  atmosphere 
and  induces  thermal  blooming.  In  general,  the  ASL's  research  measurements 
have  been  in  the  field  of  dry  aerosols  or  particulates.  Wet  aerosols  are 
now  being  addressed  though  with  such  new  devices  as  the  calibrated  aerosol 
spectrometers  [9]  and  in  situ  spectrophones  [10].  Recent  measurements  of 
fog  and  haze  in  West  Germany  (Grafenwohr)  have  resulted  in  very  interest- 
ing vertical  inhomogeneity  profiles  of  the  aerosol  size  distribution  [14]. 

These  data  show  that  the  extinction  coefficient  can  increase  by  one  or 
two  orders  of  magnitude  in  the  first  few  hundred  meters  above  ground. 

This  means  that  slant  path  transmission  through  such  an  atmosphere  may 
be  much  less  than  along  a corresponding  horizontal  path  near  the  ground. 

Particulate  absorption  has  been  under  investigation  for  some  time  at  the 
ASL.  Particulate  absorption  can  vary  from  a small  effect  under  clear  ^ 

conditions  to  absorption  comparable  to  or  greater  than  the  total  gaseous 
absorption  under  turbid  conditions.  Characterization  of  atmospheric  par- 
ticulates requires  both  size  distribution  and  composition  because  of  dif- 
ferences in  the  imaginary  refractive  indices  of  various  substances.  For 
example,  particulates  less  than  about  2wm  in  diameter  are  primarily  ammo- 
nium sulfate  and  carbon,  whereas  2-50pm  particulates  are  primarily  sili- 
cate clays,  carbonates,  and  quartz.  As  in  the  case  of  wet  aerosols  where 
the  total  liquid  water  content  relates  fairly  well  to  total  absorption, 
the  total  mass  of  particulates  gives  a reasonable  estimate  of  the  total 
absorption.  This  generalization  should  not  be  car'^ied  too  far,  however, 
since  particulate  absorption  varies  geographically  because  of  composition, 
is  wavelength  dependent,  and  little  is  known  of  its  variation  with  eleva- 
tion. For  example,  a factor  of  2 or  3 difference  in  absorption  is  often 
encountered  between  10,6  and  9.2um. 

^Measurements  of  the  effects  of  water  vapor  on  CO^  kinetic  cooling  were 
performed  at  the  ASL  by  S,  Heimlich^  AFWL^  Albuquerque ^ NM. 
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Descriptive  models  of  the  atmospheric  dust  at  WSMR  are  being  prepared 
based  on  measurements  of  mass  loading  in  the  atmosphere » particulate  size 
distributions,  compositional  analysis,  and  imaginary  refractive  index  mea- 
surements for  different  size  ranges  of  particles  found  in  the  air.  In 
addition,  a program  has  been  initiated  to  measure  the  imaginary  refractive 
index  and  composition  of  atmospheric  particulate  samples  from  a wide  vari- 
ety of  localities  in  North  America,  Panama,  Europe,  and  the  Mideast. 

The  objective  of  this  work  is  to  determine  the  typical  mean  values  and 
extremes  of  variability  of  the  optical  constants  of  these  samples  and  to 
relate  this  information  to  geographical,  seasonal,  and  meteorological  in- 
formation, to  permit  construction  of  realistic  models  of  atmospheric  par- 
ticulates in  localities  of  potential  military  interest.  Some  preliminary 
results  of  this  work  have  recently  been  reported  by  Lindberg  et  al.  [24]. 
Pellet  spectrophones  allow  accurate  direct  measurement  of  particulate  ab- 
sorption instead  of  total  extinction  in  the  3-5  and  8-1 2um  window  re- 
gions [8].  Models  for  low  visibility  and  battlefield  environments  are 
of  the  most  importance,  and  directly  related  to  them  will  be  the  analysis 
of  countermeasure  smokes  which  at  present  are  more  effective  in  the  3-5 
than  the  8-1 2um  window. 


A WSMR  EXAMPLE 

A comparison  will  be  made  for  DF  and  CO2  continuous  wave  (cw)  HEL 
sources  with  the  same  range  and  diameter  of  focusing  optics.  Average 
monthly  data  will  be  used  for  comparisons  although  it  should  be  emphasized 
that  daily  and  even  hourly  or  shorter  variations  of  the  atmosphere  can 
cause  substantial  changes  in  transmission.  The  atmospheric  pressure  at 
WSMR  is  typically  about  655  torr  with  ±2%  variations  daily  and  throughout 
the  year  [25].  The  average  water  vapor  varies  seasonally  from  around  3 
torr  during  most  of  the  winter  to  over  10  torr  during  the  summer,  with 
several  torr  variation  from  day  to  day.  Average  daily  temperatures  range 
from  7 to  27°C  throughout  the  year  with  daily  variations  of  20  or  more 
degrees.  Finally,  average  monthly  crosswinds  for  a typical  site  vary 
from  2.1  to  5.6  m/sec  with  several  meter  per  second  variations  during 
the  day,  the  strongest  winds  occurring  in  the  late  afternoon.  These 
results  are  summarized  with  the  corresponding  gaseous  absorption  coef- 
ficients of  a DF  laser  (Navy  ARPA  Chemical  Laser,  NACL)  [26]  and  a 
10.6pm  P(20)  CO2  laser  in  Table  2. 

Neglecting  for  the  moment  the  effects  of  aerosol  extinction  and  tur- 
bulence, the  average  relative  critical  powers  (i.e.,  the  laser  power 
which  gives  the  maximum  power  on  target)  for  the  cw  DF  and  CO2  lasers 
using  the  data  in  Table  1 and  an  optical  path  where  the  absorption  coef- 
ficient times  the  pathlength  is  much  less  than  one  are  shown  as  a function 
of  month  in  Figure  3. 

The  corresponding  relative  peak  irradiance  on  target  is  shown  in  Figure  4. 
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Month 


TABLE  2* 

PARAMETERS  REQUIRED  TO  CALCULATE 
THE  CRITICAL  POWER  OF  A cw  DF 
AND  cw  CO2  LASER 
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0.12 

N 

2.2 

3.8 
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0.10 

D 

2.1 

3.2 
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* Source: 

crosswind  data  of  L 

».  L. 

Walters  and  C,  L.  Horton, 

WSMR,  m. 

**Cdlculatione  presented  here  were  performed  by  Science  Applications ^ 
Inc,,  Ann  Arbor,  MI,  using  the  most  recent  update  of  the  line  parameter 
compilation  (McClatchey  et  al.,  1973). 
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Critical  power.  Using  the  data  in  Table  2,  this  represents  the  maximum  relative 
power  for  achieving  the  peak  irradiance  on  a target  for  a cw  DF  and  cw  CO2  laser 


igure  4.  Average  peak  irradiance.  The  average  relative  irradiance  corresponding  to  tne  cri 
powers  of  Figure  3 where  the  laser  spot  is  defined  as  twice  the  airy  disc  area  for 
DF  and  cw  CO2  laser. 


The  critical  power  Is  directly  proportional  to  wavelength  and  inversely 
proportional  to  absorption  coefficient.  The  nearly  equal  critical  powers 
for  cw  DF  and  CO2  are  due  to  coincidental  cancellation  of  these  two  non- 
related  effects.  The  nearly  order  of  magnitude  larger  relative  peak  ir- 
radiance  in  Figure  4 for  DF  over  CO2  is  due  to  the  diffraction  limited 
focusing  dependence.  It  should  not  be  taken  from  this,  however,  that  DF 
is  much  better  than  CO2. 

Turbulence  causes  more  beam  spreading  of  DF  radiation  than  CO2.  The 
levels  at  which  the  turbulence  term  becomes  critical  (i.e.,  causes 

a factor  of  2 increase  in  beam  area)  are  7 x 10"^^  for  DF  and  6 x 
ID"!**  for  CO2  [13].  Relating  this  to  WSMR  turbulence  data  in  Figure 
1 reveals  that  for  DF  turbulence  is  a critical  factor  most  of  the 
time  during  the  summer,  especially  near  the  ground  and  only  sometimes 
for  CO2  at  midday.  The  turbulence  degradation  of  peak  irradiance 

which  goes  as  can  more  than  offset  the  advantage  indicated 

in  Figure  4 at  several  times  during  the  day  for  the  same  laser  power 
as  shown  in  Figure  1.  Again,  however,  one  must  not  draw  too  sweeping 
conclusions  because  as  turbulence  spreads  the  HEL  beam  diameter  the 
critical  power  for  the  laser  increases  (i.e.,  a more  powerful  laser 
source  can  be  used).  A final  note  can  be  made  about  turbulence  at 
WSMR.  A minimum  usually  occurs  in  the  late  afternoon  when  the  cross- 
wind  is  a maximum,  the  combination  of  which  favors  good  transmission 
at  that  time.* 

Aerosol  extinction,  especially  particulate  absorption,  must  also  be 
considered.  Under  turbid  conditions  of  blowing  dust  (lOOOyg/m^) 
which  occur  infrequently  with  maximum  probability  in  springtime 
afternoons  of  less  than  10  percent,  measurements  of  Schleusener  et 
al.  [27]  imply  typical  WSMR  dust  has  a total  absorption  of  approxi- 
mately 0.04  and  0.08  km-^  for  DF  (3.8um)  and  CO2  (I0.6nm),  respectively. 
This  is  comparable  to  the  total  gaseous  absorption.  The  total  par- 
ticulate absorption  contribution  at  CO2  (10.6ym)  is  twice  as  much  as 
at  DF  (3.8ym),  and  at  9.2pm  it  is  0.16  km-^  or  four  times  that  at 
DF.  Scattering  must  not  be  ignored  under  these  conditions;  although 
it  does  not  add  to  thermal  blooming  effects,  it  does  reduce  the  peak 
irradiance.  In  the  case  under  consideration,  the  scattering  coef- 
ficients are  0.35  and  0.11  km"^  for  DF  and  CO2,  respectively,  which 
favors  CO2  by  more  than  a factor  of  3.  Typically  on  a clear  day  there 
is  from  5 to  SOpg/m^  of  suspended  particulate  matter,  which  has  only 
a minor  effect  on  transmission. 


^Sou.VQ&i  QVOB&wvfici  dcL'tci  of  Dm  Lm  o^yui  0%  Dm  Novtoti^  WSMR^  NMm 
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CONCLUSION 


This  report  has  examined  the  measurements  required  for  transmission  pre- 
dictions to  support  successful  testing  of  an  HEL  system  at  WSMR.  The 
reason  for  detailed  measurements  of  turbulence,  crosswind,  gaseous  ab- 
sorption, and  aerosol  extinction  is  that  each  can  cause  serious  HEL 
beam  degradation  by  its  presence  or  absence  as  in  the  case  of  crosswind. 
The  ASL  does  have  the  measurement  capability  and  is  rapidly  completing 
the  necessary  data  base  to  adequately  support  HEL  field  testing  at  WSMR. 
Unless  a test  facility  has  sufficient  measurement  capabilities  to  handle 
turbulence,  crosswind,  gaseous  absorption,  and  aerosol  extinction  plus 
their  temperature,  pressure,  and  humidity  dependencies,  field  testing  can 
be  quite  wasteful.  If  predictive  models  are  lacking  in  any  vital  area, 
anomalous  effects  (whether  they  are  recognized  or  not)  can  be  misinter- 
preted and  incorrect  conclusions  derived. 

There  are  still  many  questions  which  remain  unanswered  in  terms  of  atmo- 
spheric transmission.  The  physical  mechanism  of  water  continuum  absorp- 
tion is  not  understood,  nor  are  accurate  pressure  and  temperature  scaling 
factors  available  in  the  3-5  and  8-12ym  atmospheric  windows.  Absorp- 
tion by  wet  aerosols  and  advantages  and  disadvantages  of  pulsed  versus  cw 
operation  must  be  investigated.  Use  of  HEL's  in  high  altitude  environ- 
ments pose  many  new  problems  such  as  kinetic  cooling  by  CO2  and  open  the 
way  for  the  use  of  HF  and  CO  lasers  which  are  severely  attenuated  by 
water  vapor  at  lower  elevations.  Also  there  is  the  question  of  the  ef- 
fects of  battlefield  environment  and  countermeasure  smokes  which  have  not 
as  yet  been  characterized.  Further  studies  of  geographical  variations 
of  the  important  atmospheric  parameters  need  to  be  done.  The  ASL  has  been 
able  to  answer  many  difficult  problems  already  in  the  area  of  atmospheric 
transmission  and  more  importantly  has  developed  much  of  the  measurement 
capabilities  required  to  answer  those  remaining. 


REFERENCES 


1.  McClatchey,  R.  A.  and  J.  E.  A.  Selby,  1974,  "Atmospheric  Attenuation 
of  Laser  Radiation  from  0.76  to  31.25ym,"  Air  Force  Cambridge  Research 
Laboratories,  Hanscom  AFB,  MA,  Environmental  Research  Paper  460,  all. 

2.  McClatchey,  R.  A.,  W.  S.  Benedict,  S.  A.  Clough,  D.  E.  Burch,  R.  E. 

Calfee,  F.  Fox,  L.  S.  Rothman,  and  J.  S.  Garing,  1973,  "AFCRL  Atmospheric 
Absorption  Line  Parameter  Compilation.  Air  Force  Cambridge  Research 
Laboratories,  Hanscom  AFB,  MA,  AFCRL-TR-73-0096,  all. 

3.  Gebhardt,  F.  G.,  1976,  "High  Power  Laser  Propagation,"  Appi . Opt. . 15, 

1479-1493.  j 

4.  Bridges,  W.  B.,  P.  T.  Brunner,  S.  P.  Lazzara,  T.  A.  Nussmeier,  T.  R.  | 

O'Mesra,  J.  A.  Sanquinet,  and  W.  P.  Brown,  Jr.,  1974,  "Coherent  Optical  ; 

Adaptive  Techniques,"  Appl . Opt.  13,  291-300.  1 

5.  Ruggles,  K.  W.,  1975,  "Environmental  Support  for  Electro  Optics  j 

Systems."  Fleet  Numerical  Weather  Central,  Monterey,  CA,  Technical  Note  j 

75-1,  all.  j 

6.  Ochs,  G.  R.,  G.  F.  Miller,  and  E.  J.  Goldenstein,  1976,  "A  Saturation-  j 

Resistant  Optical  System  for  Measuring  Average  Wind,"  National  Oceanic  j 

and  Atmospheric  Administration,  Boulder,  CO,  Technical  Report  ECOM-76-2,  ] 

all. 

I 

7.  Lindberg,  J.  0.  and  D.  G.  Snyder,  1973,  "Determination  of  the  Optical 
Absorption  Coefficient  of  Powdered  Materials  Whose  Particle  Size  Distribu- 
tion and  Refractive  Indices  Are  Not  Known,"  Appl . Opt. , 12,  573-578. 

8.  Schleusener,  S.  A.,  J.  D.  Lindberg,  K.  0.  White,  and  R.  L.  Johnson, 

1976,  "Spectrophone  Measurements  of  Infrared  Laser  Energy  Absorption  by 
Atmospheric  Dust,"  Appl . Opt.,  15,  2546-2550. 

9.  Pinnick,  R.  G.  and  E.  B.  Stenmark,  1976,  "Response  Calibrations  for 
a Commercial  Light-Scattering  Aerosol  Counter,"  US  Army  Electronics 
Command,  White  Sands  Missile  Range,  NM,  Technical  Report  ECOM-5597,  all. 

10.  Bruce,  C.  W.,  1976,  "Spectrophone  for  In  Situ  Measurements  of 
Gaseous/Particulate  Absorption,"  Opt.  Soc.  Am.,  66,  1071-1072  (Abstract). 

11.  Bruce,  C.  W.,  B.  Z.  Sojka,  B.  G.  Hurd,  W.  R.  Watkins,  K.  0.  White, 
and  Z.  Derzko,  1976,  "Application  of  Pulsed-Source  Spectrophone  to 
Absorption  by  Methane  at  DF  Laser  Wavelengths,"  Appl . Opt,  (in  press). 


18 


12.  Watkins,  W.  R.,  1976,  "Path  Differencing:  An  Improvement  to  Multi 
pass  Absorption  Cell  Measurements,"  Appl . Opt. , 15,  16-19. 


f 


i 

\ 13.  Walters,  D.  L.,  1976,  "High  Energy  Laser  Propagation  Conditions  at 

‘ Second  High  Energy  Laser  Conference  (in  press). 

i 14.  Pinnick,  R.  G.,  J.  D.  Lindberg,  and  E.  B.  Stenmark,  1976,  "Vertical 

Inhomogeneity  in  Wintertime  Atmospheric  Fog  and  Haze  in  West  Germany  and 
‘ I the  Effects  on  IR  Transmission,"  Great  Lakes  Training  Center,  IL,  Pro- 

( I ceedings  of  the  Twenty-fourth  National  Infrared  Symposium  (in  press). 

I 15.  Walters,  D.  L.,  1976,  "Crosswind  Sensors  for  Armor  Application," 

Atmospheric  Sciences  Laboratory,  White  Sands  Missile  Range,  NM,  Proceedings 
i , of  the  Seventh  Technical  Exchange  Conference. 

s:  i 

16.  Kelley,  P.  L.,  R.  A.  McClatchey,  R.  K.  Long,  and  A.  Snelson,  1976, 

, "Molecular  Absorption  of  Infrared  Laser  Radiation  in  the  Natural 

! Atmosphere,"  Opt,  and  Quant.  Elec. , 8,  117-144. 

17.  Roberts,  R.  E.,  J.  A.  Selby,  and  L.  M.  Bibermen,  1976,  "Infrared 
Continuum  Absorption  by  Atmospheric  Water  Vapor  in  the  8-12-ym  Window, 

Appl . Opt. , 15,  2085-2090. 


18.  White,  K.  0.,  W.  R.  Watkins,  and  C.  W.  Bruce,  1976,  "Water  Vapor 
Continuum  Absorption  in  the  3. 5-4. 1pm  Region,"  J.  Opt.  Soc.  Am. , 66, 

1088  (Abstract). 

19.  Burch,  D.  E.,  D.  A.  Gryvnak,  and  J.  0.  Pembrook,  1971,  "Investiga- 
tion of  the  Absorption  of  Infrared  Radiation  by  Atmospheric  Gases:  Water, 
Nitrogen,  Nitrous  Oxide,"  Air  Force  Cambridge  Research  Laboratories, 
Hanscom  AFB,  MA,  AFCRL-71-0124,  all. 

20.  Bruce,  C.  W.  and  K.  0.  White,  1976,  "Absorption  by  HDO  at  OF  Laser 
Wavelengths,"  Opt.  Soc.  Am. , 66,  1088  (Abstract). 

21.  Friedman,  I.,  A.  Redfield,  B.  Schoen,  and  J.  Harris,  1964,  "The 
Variation  of  the  Deuterium  Content  of  Natural  Waters  in  the  Hydrologic 
Cycle,"  Review  of  Geophysics,  177-218. 

22.  Watkins,  W.  R.  and  K.  0.  White,  1976,  "Absorption  of  DF  Laser  Radia- 
tion by  Propane  and  Butane,"  Appl.  Opt. , 15,  1114. 


23.  Bruce,  C.  W.,  1975,  "Ozone  Absorption  at  9ym  CO2  Laser  Wavelengths," 
J.  Opt.  Soc.  Am.,  65,  1163-1164  (Abstract). 


24.  Lindberg,  J.  D.,  J.  B.  Gillespie,  and  B.  Hinds,  1976,  "Measurements 
of  Imaginary  Refractive  Indices  of  Atmospheric  Particulate  Matter  from  a 
Variety  of  Geographical  Locations,"  Garmisch-Partenkirchen,  West  Germany, 
Proceedings  of  the  Symposium  on  Radiation  in  the  Atmosphere  (lAMAP)  (in 
press), 

25.  Hoidale,  M.  M.  and  L.  Newman,  1974,  "Atmospheric  Structure  White 
Sands  Missile  Range  - Part  2 - Temperature,  Relative  Humidity,  Dew  Point, 
Station  Pressure,  Density,  Clouds,  Hydrometers,  and  Lithometers," 
Atmospheric  Sciences  Laboratory,  White  Sands  Missile  Range,  NM,  Technical 
Report  DR-822,  all. 

26.  White,  K.  0.,  W.  R.  Watkins,  and  C.  B.  Bruce,  1976,  "Absorption  of 
Atmospheric  Gases  in  the  Deuterium  Fluoride  Laser  Spectral  Region:  3.5- 
4.0ym."  Great  Lakes  Training  Center,  IL,  Proceedings  of  the  Twenty- 
Fourth  National  Infrared  Information  Symposium  (in  press). 


20 


DISTRIBUTION  LIST 


f 


f 

I 


I 

) 

> 


Director 

US  Anny  Ballistic  Research  Laboratory 
ATTN:  DRDAR-BLB,  Dr.  G.  E.  Keller 
Aberdeen  Proving  Ground,  MD  21005 

Air  Force  Weapons  Laboratory 
ATTN:  Technical  Library  (SUL) 
Kirtland  AFB,  NM  87117 

Commander 

Headquarters,  Fort  Huachuca 
ATTN:  Tech  Ref  Div 
Fort  Huachuca,  AZ  85613 

6585  TG/WE 

Holloman  AFB,  NM  88330 
Commandant 

US  Army  Field  Artillery  School 
ATTN:  Morris  Swett  Tech  Library 
Fort  Sill,  OK  73503 

Commandant 

USAFAS 

ATTN:  ATSF-CD-MT  (Mr.  Farmer) 

Fort  Sill,  OK  73503 

Di rector 

US  ^my  Engr  Waterways  Exper  Sta 
ATTN:  Library  Branch 
Vicksburg,  MS  39180 

Conmander 

US  Army  Electronics  Command 
ATTN:  DRSEL-CT-S  (Dr.  Swingle) 

Fort  Monmouth,  NJ  07703 
03 

CPT  Hugh  Albers,  Exec  Sec 
Interdfept  Committee  on  Atmos  Sci 
Fed  Council  for  Sci  & Tech 
National  Sci  Foundation 
Washington,  DC  20550 

Inge  Dirmhirn,  Professor 
Utah  State  University,  UMC  48 
Logan,  UT  84322 


Commander 

US  Army  Aviation  Center 
AHN:  ATZQ-D-MA 
Fort  Rucker,  AL  36362 

CO,  USA  Foreign  Sci  & Tech  Center 
ATTN:  DRXST-ISI 
220  7th  Street,  NE 
Charlottesville,  VA  22901 

Director 

USAE  Waterways  Experiment  Station 
ATTN:  Library 
PO  Box  631 

Vicksburg,  MS  39180 

US  Army  Research  Office 
AHN:  DRXRO-IP 
PO  Box  12211 

Research  Triangle  Park,  NC  27709 

Mr.  William  A.  Main 
USDA  Forest  Service 
1407  S.  Harrison  Road 
East  Lansing,  MI  48823 

Library-R-51-Tech  Reports 
Environmental  Research  Labs 
NOAA 

Boulder,  CO  80302 
Commander 

US  Army  Dugway  Proving  Ground 
ATTN:  MT-S 
Dugway,  UT  84022 

HQ,  ESD/DRI/S-22 
Hanscom  AFB 
MA  01731 

Head,  Atmospheric  Rsch  Section 
National  Science  Foundation 
1800  G.  Street,  NW 
Washington,  DC  20550 

Office,  Asst  Sec  Army  (RAD) 

ATTN:  Dep  for  Science  & Tech 
HQ,  Department  of  the  Army 
Washington,  DC  20310 


HQDA  (DAEN-RDM/Dr.  De  Percin) 
Forrestal  Bldg 
Washington,  DC  20314 


Cowtiander 

US  Army  Satellite  Comm  Age 

ATTN:  DRCPM-SC-3 

Fort  Monmouth,  NJ  07703 

Sylvania  Elec  Sys  Western  01 v 
ATTN:  Technical  Reports  Library 
PO  Box  205 

Mountain  View,  CA  94040 

William  Peterson 
Research  Association 
Utah  State  University,  UNC  48 
Logan,  UT  84322 

Defense  Communications  Agency 
Technical  Library  Center 
Code  205 

Washington,  DC  20305 

Dr.  A.  D.  Belmont 
Research  Division 
PO  Box  1249 
Control  Data  Corp 
Minneapolis,  MN  55440 

Commander 

US  Army  Electronics  Command 

AHN:  DRSEL-WL-Dl 

Fort  Monmouth,  NJ  07703 

Commander 

ATTN:  DRSEL-VL-D 

Fort  Monmouth,  NJ  07703 

Meteorologist  in  Charge 
Kwajalein  Missile  Range 
PO  Box  67 
APO 

San  Francisco,  CA  96555 

The  Library  of  Congress 
ATTN:  Exchange  & Gift  Div 
Washington,  DC  20540 
2 

US  Army  Liaison  Office 
MIT-Lincoln  Lab,  Library  A-082 
PO  Box  73 

Lexington,  MA  02173 


Dir  National  Security  Agency 
AHN:  TDL  (C513) 

Fort  George  G.  Meade,  MD  20755 

Director,  .Systems  R&D  Service 
Federal  Aviation  Administration 
ATTN:  ARD-54 
2100  Second  Street,  SW 
Washington,  DC  20590 

Commander 

US  Army  Missile  Command 
ATTN:  DRSMI-RRA,  Bldg  7770 
Redstone  Arsenal , AL  35809 

Dir  of  Dev  A Engr 
Defense  Systems  Div 
ATTN:  SAREA-DE-DDR 
H.  Tannenbaum 

Edgewood  Arsenal,  APG,  MD  21010 

Naval  Surface  Weapons  Center 
Technical  Library  & Information 
Services  Division 
White  Oak,  Silver  Spring,  MD 
20910 

Dr.  Frank  D.  Eaton 
PO  Box  3‘038 
Universtiy  Station 
Laramie,  Wyoming  82071 

Rome  Air  Development  Center 
ATTN:  Documents  Library 
TILD  (Bette  Smith) 

Griff iss  Air  Force  Base,  NY  13441 

National  Weather  Service 
National  Meteorological  Center 
World  Weather  Bldg  - 5200  Auth  Rd 
ATTN:  Mr.  Quiroz 
Washington,  DC  20233 

USAFETAC/CB  (Stop  825) 

Scott  AFB 
IL  62225 

Director 

Defense  Nuclear  Agency 
ATTN:  Tech  Library 
Washington,  DC  20305 


Director 

Development  Center  MCDEC 
ATTN:  Firepower  Division 
Quantico,  VA  22134 

Environmental  Protection  Agency 
Meteorology  Laboratory 
Research  Triangle  Park,  NC 
27711 

Commander 

US  Army  Electronics  Command 

ATTN:  DRSEL-GG-TD 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Ballistic  Rsch  Labs 
ATTN:  DRXBR-IB 
APG,  MD  21005 

Dir,  US  Naval  Research  Lab 
Code  5530 

Washington,  DC  20375 

Mil  Assistant  for 
Environmental  Sciences 
DAD  (E  & LS),  3D129 
The  Pentagon 
Washington,  DC  20301 

The  Environmental  Rsch 
Institute  of  MI 
ATTN:  IRIA  Library 
PO  Box  618 

Ann  Arbor,  MI  48107 

Armament  Dev  & Test  Center 
ADTC  (DLOSL) 

Eglin  AFB,  Florida  32542 

Range  Commanders  Council 
ATTN:  Mr.  Hixon 
PMTC  Code  3252 
Pacific  Missile  Test  Center 
Point  Mugu,  CA  93042 

Commander 

Eustis  Directorate 

US  Army  Air  Mobility  R&D  Lab 

ATTN:  Technical  Library 

Fort  Eustis,  VA  23604 


Commander 
Frankford  Arsenal 
ATTN:  SARFA-FCD-0,  Bldg  201-2 
Bridge  & Tarcony  Sts 
Philadelphia,  PA  19137 

Director,  Naval  Oceartography  and 
Meteorology 

National  Space  Technology  Laboratories 
Bay  St  Louis,  MS  39529 

Commander 

US  Army  Electronics  Command 

ATTN:  DRSEL-CT-S 

Fort  Monmouth,  NO  07703 

Commander 

USA  Cold  Regions  Test  Center 
ATTN:  STECR-OP-PM 
APO  Seattle  98733 

Redstone  Scientific  Information  Cente* 
AHN:  DRDMI-TBD 

US  Army  Missile  Res  & Dev  Command 
Redstone  Arsenal , AL  35809 

Commander 

AFWL/WE 

Kirtland  AFB,  NM  87117 

Naval  Surface  Weapons  Center 
Code  DT-22  (Ms.  Greeley) 

Dahlgren,  VA  22448 

Commander 

Naval  Ocean  Systems  Center 
ATTN:  Research  Library 
San  Diego,  CA  92152 

Commander 
US  Army  INSCOM 
ATTN:  lARDA-OS 
Arlington  Hall  Station 
Arlington,  VA  22212 

Commandant 

US  Army  Field  Artillery  School 
AHN:  ATSF-CF-R 
Fort  Sill,  OK  73503 


m 


Commander  and  Director 

US  Army  Engineer  Topographic  Labs 

ETL-GS-AC 

Fort  Bel  voir,  VA  22060 

Technical  Processes  Br-D823 
NOAA,  Lib  & Info  Serv  Div 
6009  Executive  Blvd 
Rockville,  MD  20852 

Commander 

US  Army  Missile  Research 
and  Development  Command 
ATTN:  DRDMI-CGA,  B.  W.  Fowler 
Redstone  Arsenal , AL  35809 

Commanding  Officer 
US  Army  Armament  Rsch  & Dev  Com 
ATTN:  DRDAR-TSS  #59 
Dover,  NJ  07801 

Air  Force  Cambridge  Rsch  Labs 
ATTN:  LCB  (A.  S.  Carten,  Jr.) 

Hanscom  AFB 
Bedford,  MA  01731 

National  Center  for  Atmos  Res 
NCAR  Library 
PO  Box  3000 
Boulder,  CO  80307 

Air  Force  Geophysics  Laboratory 
ATTN:  LYD 
Hanscom  AFB 
Bedford,  MA  01731 

Chief,  Atmospheric  Sciences  Division 

Code  ES-81 

NASA 

Marshall  Space  Flight  Center,  AL  35812 

Department  of  the  Air  Force 
OL-C,  5WW 

Fort  Monroe,  VA  23651 
Commander 

US  Arn\y  Missile  Rsch  & Dev  Com 

ATTN:  DRDMI-TR 

Redstone  Arsenal,  AL  35809 


Meteorology  Laboratory 
AFGL/LY 

Hanscom  AFB,  MA  01731 
Director  CFD 

US  Army  Field  Artillery  School 
ATTN:  Met  Division 
Fort  Sill,  OK  73503 

Naval  Weapons  Center  (Code  3173) 

ATTN:  Dr.  A.  Shlanta 
China  Lake,  CA  93555 

Director 

Atmospheric  Physics  & Chem  Lab 
Code  R31,  NOAA 
Department  of  Commerce 
Boulder,  CO  80302 

Department  of  the  Air  Force 
5 WW/DN 

Langley  AFB,  VA  23665 
Commander 

US  Army  Intelligence  Center  and  School 

ATTN:  ATSI-CD-MD 

Fort  Huachuca,  AZ  85613 

Dr.  John  L.  Walsh 
Code  4109 
Navy  Research  Lab 
Washington,  DC  20375 

Director 

US  Army  Armament  Rsch  & Dev  Com 
Chemical  Systems  Laboratory 
ATTN:  DRDAR-CLJ-I 
Aberdeen  Proving  Ground,  MD  21010 

R.  B.  Girardo 
Bureau  of  Reclamation 
EAR  Center,  Code  1220 
Denver  Federal  Center,  Bldg  67 
Denver,  CO  80225 

Commander 

US  Army  Missile  Command 
ATTN:  DRDMI-TEM 
Redstone  Arsenal,  AL  35809 


Commander 

US  Army  Tropic  Test  Center 
ATTN:  STETC-MO  (Tech  Library) 

APO  New  York  09827 

Commanding  Officer 
Naval  Research  Laboratory 
Code  2627 

Washington,  DC  20375 

Defense  Documentation  Center 

ATTN:  DDC-TCA 

Cameron  Station  (Bldg  5) 

Alexandria,  Virginia  22314 
12 

Cotimander 

US  Army  Test  and  Evaluation  Command 

ATTN:  Technical  Library 

White  Sands  Missile  Range,  NM  88002 

US  Army  Nuclear  Agency 

ATTN:  MONA-WE 

Fort  Bel  voir,  VA  22060 

Commander 

US  Army  Proving  Ground 
ATTN:  Technical  Library 
Bldg  2100 
Yuma,  AZ  85364 

Office,  Asst  Sec  Army  (R&D) 

ATTN:  Dep  for  Science  & Tech 
HQ,  Department  of  the  Army 
Washington,  DC  20310 


\ 


A TMOSPHERK  SCIENCES  RESEARCH  PAPERS 


» 


I 

N. 


1.  Lindberg,  J.D.,  “An  Improvement  to  a Method  for  Measuring  the  Absorption  Coef- 

ficient of  Atmospheric  Dust  and  other  Strongly  Absorbing  Powders,  ” 
ECOM-5565,  July  1975. 

2.  Avara,  Elton,  P.,  “Mesoscaie  Wind  Shears  Derived  from  Thermal  Winds,”  ECOM-5566, 

July  1975. 

3.  Gomez,  Richard  B.,  and  Joseph  H.  Pierluissi,  “Incomplete  Gamma  Function  Approxi- 

mation for  King’s  Strong-Line  Transmittance  Model,”  ECOM-5567,  July  1975. 

4.  Blanco,  A.J.,  and  B.F.  Engebos,  “Ballistic  Wind  Weighting  Functions  for  Tank 

Projectiles,”  ECOM-5568,  August  1975. 

5.  Taylor,  Fredrick  J.,  Jack  Smith,  and  Thomas  H.  Pries,  “Crosswind  Measurements 

through  Pattern  Recognition  Techniques,”  ECOM-5569,  July  1975. 

6.  Walters,  D.L.,  “Crosswind  Weighting  Functions  for  Direct-Fire  Projectiles,”  ECOM- 

5570,  August  1975. 

7.  Duncan,  Louis  D.,  “An  Improved  Algorithm  for  the  Iterated  Minimal  Information 

Solution  for  Remote  Sounding  of  Temperature,”  ECOM-5571,  August  1975. 

8.  Robbiani,  Raymond  L.,  “Tactical  Field  Demonstration  of  Mobile  Weather  Radar  Set 

AN/TPS-41  at  Fort  Rucker,  Alabama,”  ECOM-5572,  August  1975. 

9.  Miers,  B.,  G.  Blackman,  D.  Langer,  and  N.  Lorimier,  “Analysis  of  SMS/GOES  Film 

Data,”  ECOM-5573,  September  1975. 

10.  Manquero,  Carlos,  Louis  Duncan,  and  Rufus  Bruce,  “An  Indication  from  Satellite 

Measurements  of  Atmospheric  C02  Variability,”  ECOM-5574,  September 
1975. 

11.  Petracca,  Carmine,  and  James  D.  Lindberg,  “Installation  and  Operation  of  an  Atmo- 

spheric Particulate  Collector,”  ECOM-5575,  September  1975. 

12.  Avara,  Elton  P.,  and  George  Alexander,  “Empirical  Investigation  of  Three  Iterative 

Methods  for  Inverting  the  Radiative  Transfer  Equation,”  ECOM-5576, 
October  1975. 

13.  Alexander,  George  D.,  “A  Digital  Data  Acquisition  Interface  for  the  SMS  Direct 

Readout  Ground  Station  — Concept  and  Preliminary  Design,”  ECOM- 
5577,  October  1975. 

14.  Cantor,  Israel,  “Enhancement  of  Point  Source  Thermal  Radiation  Under  Clouds  in 

a Nonattenuating  Medium,”  ECOM-5578,  October  1975. 

15.  Norton,  Colburn,  and  Glenn  Hoidale,  “The  Diurnal  V2iriation  of  Mixing  Height  by 

Month  over  White  Sands  Missile  R2mge,  N.M,”  ECOM-5579,  November  1975. 

16.  Avara,  Elton  P.,  “On  the  Spectrum  Analysis  of  Binary  Data,”  ECOM-5580,  November 

1975. 

17.  Taylor,  Fredrick  J.,  Thomas  H.  Pries,  and  Chao-Huan  Huang,  “Optimal  Wind  Velocity 

Estimation,”  ECOM-5581,  December  1975. 

18.  Avara,  Elton  P.,  “Some  Effects  of  Autocorrelated  and  Cross-Correlated  Noise  on  the 

Analysis  of  Variance,  ” ECOM-5582,  December  1975. 

19.  Gillespie,  Patti  S.,  R.L.  Armstrong,  and  Kenneth  O.  White,  “The  Spectral  Character- 

istics and  Atmospheric  C02  Absorption  of  the  Ho*^  YLF  Laser  at  2.05/;m,” 
ECOM-5583,  December  1975. 

20.  Novlan,  David  J.  “An  Empirical  Method  of  Forecasting  Thunderstorms  for  the  White 

Sands  Missile  Range,”  ECOM-5584,  February  1976. 

21.  Avara,  Elton  P.,  “Randomization  Effects  in  Hypothesis  Testing  with  Autocorrelated 

Noise,”  ECOM-5585,  February  1976. 

22.  Watkins,  Wendell  R.,  “Improvements  in  Long  Path  Absorption  Cell  Measurement,” 

ECOM-5586,  March  1976. 

23.  Thomas,  Joe,  George  D.  Alexander,  and  Marvin  Dubbin,  “SATTEL  — An  Army 

Dedicated  Meteorological  Telemetry  System,”  ECOM-5587.  March  1976. 

24.  Kennedy,  Bruce  W.,  and  Delbert  Bynum,  “Army  User  Test  Program  for  the  RDT&E- 

XM-75  Meteorological  Rocket,”  ECOM-5588,  April  1976. 


25.  Barnott,  Kemioth  M.,  “A  Description  of  the  Artillery  Meteorological  Comparisons  at 

White  Sands  Missle  Range,  October  1974  - December  1974  (‘PASS’  - 
Prototype  Artillery  [Meteorological]  Subsystem),”  ECOM-5589,  April  1976. 

26.  Miller,  Walter  B.,  “Preliminary  Analysis  of  Fall-of-Shot  From  Project  ‘PASS’,”  ECOM- 

5590,  April  1976. 

27.  Avara,  Elton  P.,  “Error  Analysis  of  Minimum  Information  and  Smith’s  Direct  Methods 

for  Inverting  the  Radiative  Transfer  Equation,”  ECOM-5591,  April  1976. 

28.  Yee,  Young  P.,  James  D.  Horn,  and  George  Alexander,  “Synoptic  Thermal  Wind  Cal- 

culations from  Radiosonde  Observations  Over  the  Southwestern  United 
States,”  ECOM-5592,  May  1976. 

29.  Duncan,  Louis  D.,  and  Mary  Ann  Seagraves,  “Applications  of  Empirical  Corrections  to 

NOAA-4  VTPR  Observations,”  ECOM-5593,  May  1976. 

30.  Miers,  Bruce  T.,  and  Steve  Weaver,  “Applications  of  Meterological  Satellite  Data  to 

Weather  Sensitive  Army  Operations, ’’ECOM-5594,  May  1976. 

31.  Sharenow,  Moses,  “Redesign  and  Improvement  of  Balloon  ML-566,”  ECOM-5595, 

June,  1976. 

32.  Hansen,  Frank  V.,  “The  Depth  of  the  Surface  Boundary  Layer,”  ECOM-5596,  June 

1976. 

33.  Pinnick,  R.G.,  euid  E.B.  Stenmark,  “Response  Calculations  for  a Commercial  Light- 

Scattering  Aerosol  Counter,”  ECOM-5597,  July  1976. 

34.  Mason,  J.,  and  G.B.  Hoidale,  “Visibility  as  an  Estimator  of  Infrared  Transmittance,” 

ECOM-5598,  July  1976. 

35.  Bruce,  Rufus  E.,  Louis  D.  Duncan,  and  Joseph  H.  Pierluissi,  “Experimental  Study  of 

the  Relationship  Between  Radiosonde  Temperatures  and  Radiometric-Area 
Temperatures,”  ECOM-5599,  August  1976. 

36.  Duncan,  Louis  D.,  “Stratospheric  Wind  Shear  Computed  from  Satellite  Thermal 

Sounder  Measurements,”  ECOM-5800,  September  1976. 

37.  Taylor,  F.,  P.  Mohan,  P.  Joseph  and  T.  Pries,  “An  All  Digital  Automated  Wind 

Measurement  System,”  ECOM-5801,  September  1976. 

38.  Bruce,  Charles,  “Development  of  Spectrophones  for  CW  and  Pulsed  Radiation  Sources,” 

ECOM-5802,  September  1976. 

39.  Duncan,  Louis  D.,  and  Mary  Ann  Seagraves,” Another  Method  for  Estimating  Clear 

Column  Radiances,”  ECOM-5803,  October  1976. 

40.  Blanco,  Abel  J.,  and  Larry  E.  Taylor,  “Artillery  Meteorological  Analysis  of  Project  Pass,” 

ECOM-5804,  October  1976. 

41.  Miller,  Walter,  and  Bernard  Engebos,”  A Mathematical  Structure  for  Refinement  of 

Sound  Ranging  Estimates,”  ECOM-5805,  November,  1976. 

42.  Gillespie,  James  B.,  and  James  D.  Lindberg,  “A  Method  to  Obtain  Diffuse  Reflectance 

Measurements  from  1.0  to  3.0  pm  Using  a Cary  171  Spectrophotometer,” 
ECOM-5806,  November  1976. 

43.  Rubio,  Roberto,  and  Robert  O.  01sen,“A  Study  of  the  Effects  of  Temperature 

Variations  on  Radio  Wave  Absorption,“ECOM-5807,  November  1976. 

44.  Ballard,  Harold  N.,  “Temperature  Measurements  in  the  Stratosphere  from  Balloon- 

Borne  Instrument  Platforms,  1968-1975,”  ECOM-5808,  December  1976. 

45.  Monahan,  H.H.,  “An  Approach  to  the  Short-Range  Prediction  of  Early  Morning 

Radiation  Fog,”  ECOM-5809,  January  1977. 

46.  Engebos,  Bernard  Francis,  “Introduction  to  Multiple  State  Multiple  Action  Decision 

Theory  and  Its  Relation  to  Mixing  Structures,”  ECOM-5810,  January  1977. 

47.  Low,  Richard  D.H., “Effects  of  Cloud  Particles  on  Remote  Sensing  from  Space  in  the 

10-Micrometer  Infrared  Region,”  ECOM-5811,  January  1977. 

48  Bonner,  Robert  S.,  and  R.  Newton,  “Application  of  the  AN/GVS-5  Laser  Rangefinder 
to  Cloud  Base  Height  Measurements,”  ECOM-5812,  February  1977. 


49.  Rubio,  Roberto,  “Lidar  Detection  of  Subvisible  Reentry  Vehicle  Erosive  Atmospherii' 

Material,”  ECOM-5813,  March  1977. 

50.  Low,  Richard  'D.H.,  and  J.D.  Horn,  “Mesoscale  Determination  of  Cloud-Top  Height: 

Problems  and  Solutions,”  ECOM-5814,  March  1977. 

51.  Duncan,  Louis  D.,  and  Mary  Ann  Seagraves,“Evaluation  of  the  NOAA-4  VTPR  Thermal 

Winds  for  Nuclear  Fallout  Predictions,”  ECOM-5815,  March  1977. 

52.  Randhawa,  Jagir  S.,  M.  Izquierdo,  Carlos  McDonald  and  Zvi  Salpeter,  “Stratospheric 

Ozone  Density  as  Measured  by  a Chemiluminescent  Sensor  During  the 
Stratcom  VI-A  Flight,”  ECOM-5816,  April  1977. 

53.  Rubio,  Roberto,  and  Mike  Izquierdo,  “Measurements  of  Net  Atmospheric  Irradiance 

in  the  0.7-  to  2.8-Micrometer  Infrared  Region,”  ECOM-5817,  May  1977. 

54.  Ballard,  Harold  N.,  Jose  M.  Serna,  and  Frank  P.  Hudson  Consultant  for  Chemical 

Kinetics,  “Calculation  of  Selected  Atmospheric  Composition  Parameters 
for  the  Mid-Latitude,  September  Stratosphere,”  ECOM-5818,  May  1977. 

55.  Mitchell,  J.D.,  R.S.  Sagar,  and  R.O.  Olsen,  “Positive  Ions  in  the  Middle  Atmosphere 

During  Sunrise  Conditions,”  ECOM-5819,  May  1977. 

56.  White,  Kenneth  O.,  Wendell  R.  Watkins,  Stuart  A.  Schleusener,  and  Ronald  L.  Johnson, 

“Solid-State  Laser  Wavelength  Identification  Using  a Reference  Absorber,” 
ECOM-5820,  June  1977. 

57.  Watkins,  Wendell  R.,  and  Richard  G.  Dixon,  “Automation  of  Long-Path  Absorption 

Cell  Measurements,”  ECOM-5821,  June  1977. 

58.  Taylor,  S.E.,  J.M.  Davis,  and  J.B.  Mason,  “Analysis  of  Observed  Soil  Skin  Moisture 

Effects  on  Reflectance,”  ECOM-5822,  June  1977. 

59.  Duncan,  Louis  D.  and  Mary  Ann  Seagraves,  “Fallout  Predictions  Computed  from 

Satellite  Derived  Winds,”  ECOM-5823,  June  1977. 

60.  Snider,  D.E.,  D.G.  Murcray,  F.H.  Murcray,  and  W.J.  Williams,  “Investigation  of 

High- Altitude  Enhanced  Infrared  Backround  Emissions”  (U),  SECRET, 
ECOM-5824,  June  1977. 

61.  Dubbin,  Marvin  H.  and  Dennis  Hall,  “Synchronous  Meteorlogical  Satellite  Direct 

Readout  Ground  System  Digital  Video  Electronics,”  ECOM-5525,  June 
1977. 

62.  Miller,  W.,  and  B.  Engebos,  “A  Preliminary  Analysis  of  Two  Sound  Ranging 

Algorithms,”  ECOM-5826,  July  1977. 

63.  Kennedy,  Bruce  W.,  and  James  K.  Luers,  “Ballistic  Sphere  Techniques  for  Measuring 

Atomspheric  Parameters,”  ECOM-5827,  July  1977. 

64.  Duncan,  Louis  D.,  “Zenith  Angle  Variation  of  Satellite  Thermal  Sounder  Measure- 

ments,” ECOM-5828,  August  1977. 

65.  Hansen,  Frank  V.,  “The  Critical  Richardson  Number,”  ECOM-5829,  September  1977. 

66.  Ballard,  Harold  N.,  and  Frank  P.  Hudson  (Compilers),  “Stratospheric  Composition 

Balloon-Borne  Experiment,”  ECOM-5830,  October  1977. 

67.  Barr,  William  C.,  and  Arnold  C.  Peterson,  “Wind  Measuring  Accuracy  Test  of 

Meteorological  Systems,”  ECOM-5831,  November  1977. 

68.  Ethridge,  G.A.  and  F.V.  Hansen,  “Atmospheric  Diffusion:  Similarity  Theory  and 

Empirical  Derivations  for  Use  in  Boundary  Layer  Diffusion  Problems,” 
ECOM-5832,  November  1977. 

69.  Low,  Richard  D.H.,  “The  Internal  Cloud  Radiation  Field  and  a Technique  for  Deter- 

mining Cloud  Blackness,”  ECOM-5833,  December  1977. 

70.  Watkins,  Wendell  R.,  Kenneth  O.  White,  Charles  W.  Bruce,  Donald  L.  Walters,  and 

James  D.  Lindberg,  “Measurements  Required  for  Prediction  of  High 
Energy  Laser  Transmission,”  ECOM-5834,  December  1977. 


* U.S.  GOVERNMENT  PRINTING  OFFICE:  1977  777-093/22 


